Abstract-This paper addresses the performance of a fullduplex (FD) generalized frequency division multiplexing (GFDM) transceiver in the presence of radio frequency (RF) impairments including phase noise, carrier frequency offset (CFO) and inphase (I) and quadrature (Q) imbalance. We study analog and digital self-interference (SI) cancellation and develop a complementary SI suppression method. Closed-form solutions for the residual SI power and the desired signal power and signalto-interference ratio (SIR) are provided. Simulation results show that the RF impairments degrade SI cancellation and FD GFDM is more sensitive to them compares to FD orthogonal frequency division multiplexing (OFDM). Hence, we propose an FD GFDM receiver filter for maximizing the SIR. Significantly, it achieves 25 dB higher SIR than FD OFDM transceiver.
I. INTRODUCTION
Due to the increasing wireless data and emerging fifth generation (5G) networks, full-duplex (FD) radio may be the answer to handle higher capacity demands [1] , [2] . FD radios can simultaneously transmit and receive on the same frequency and time slots, which potentially doubles the capacity, reduces network delay, improves network secrecy and increases spectrum usage flexibility [2] , [3] . Applications of FD wireless are numerous (see [4] and [5] and references therein). Moreover, 4G wireless cellular deploys orthogonal frequency division multiplexing (OFDM), which may not be sufficient to reach all vital requirements of 5G. A potential alternative to OFDM is generalized frequency division multiplexing (GFDM), a filtered multicarrier modulation scheme with low out-of-band (OOB) emissions, high spectral efficiency and low latency [6] , [7] . Thus, the combination of GFDM and FD may be the ideal architecture to achieve 5G network requirements.
The fundamental challenge in the FD radios is the selfinterference (SI) due to the coupling of the transmit signal to the receiver path during simultaneous transmission and reception. To mitigate SI, active cancellation is performed over the analog and digital parts of the receiver chain [8] .
In the analog part, the dominant SI component is suppressed by subtracting adjusted transmitted signal in amplitude, time and phase from the received signal. The rest of the multipath components are processed in digital part by estimating the channel-state information (CSI). However, in direct conversion transceivers, radio frequency (RF) impairments in front-end components including phase noise, carrier frequency offset (CFO) and in-phase (I) and quadrature (Q) imbalance degrade the link performance significantly. In the FD system, these RF imperfections will limit the capability of the SI cancellation mechanisms, which must be carefully considered when evaluating the system performance.
In [9] , the authors investigate the harmful effects of phase noise on the SI cancellation capability of an FD OFDM transceiver and observe that phase noise limits the performance of the SI suppression techniques. The same transceiver under nonlinear power amplifier and IQ imbalance is studied in [10] . It is shown that IQ imbalance adds image components to the SI signal which have detrimental effects on SI cancellation. Moreover, in [11] , phase noise and IQ imbalance in an FD OFDM transceiver are investigated. A scheme for estimation and cancellation the effects of the IQ imbalance, power amplifier nonlinearity and phase noise on an FD OFDM transceiver is proposed in [12] . For the GFDM waveform, impacts of timing offset, CFO and phase noise are studied in [13] . Optimal filter design for a GFDM transceiver in presence of CFO is presented in [14] . GFDM performance in cognitive radio is studied in [15] , [16] and effects of the nonlinear power amplifier are investigated for that. Digital interference cancellation scheme for an FD GFDM transceiver is proposed in [17] and SI power is calculated as well. Analog cancellation which suppresses the dominant part of SI power is not considered in [17] and the effects of the RF impairments are not analyzed. Furthermore, to our best knowledge, the FD GFDM transceiver has not been properly modeled with analog and digital SI cancellation and impacts of the phase noise, CFO and IQ imbalance have not been studied. In this paper, we study the FD GFDM transceiver performance in presence of the phase noise, CFO and IQ imbalance.
In detail, the contributions of this paper are as follows:
• We fully model the FD GFDM transceiver by considering the phase noise, CFO and IQ imbalance. Both analog and digital SI cancellation stages are addressed and a complementary method for more suppression of the SI signal in digital domain is developed.
• Residual SI power after analog and digital SI cancellations is derived. Moreover, power of the intended signal in presence of the RF impairments in the receiver is presented. To the best of our knowledge, the collective impact of phase noise, CFO and IQ imbalance has not been investigated for GFDM half-duplex (HF) transceivers, which we do in this paper. • By utilizing the derived signal, signal-to-interference ratio (SIR) for received signal is derived. Based on our analysis, we find that FD GFDM is more sensitive to the RF impairments compared to FD OFDM. To mitigate this problem, we design an optimal FD-GFDM receiver filter to maximize the SIR.
• All the theoretical derivations are verified with simulation results. Moreover, to determine the performance gains of FD GFDM transceiver, we also present FD OFDM transceiver results.
II. SYSTEM MODEL
The signal model of FD GFDM transceiver in presence of RF impairments including phase noise, CFO and IQ imbalance is shown in Fig. 1 . The transmitter and the receiver deploy single separate antennas and the well-known direct-conversion architecture. The SI cancellation relies on analog linear cancellation (ALC) in first stage of the receiver and digital linear cancellation (DLC) in baseband unit. In following, we model and analyze the system in detail.
The GFDM transmitter generates the signal in which data of -th time-slots are transmitted on the -th subcarriers. For one symbol time, the GFDM signal may be expressed as
where , is zero mean independent and identically distributed (i.i. and passing through digital-to-analog conversion (DAC), the analog baseband signal, ( ), is passed through IQ mixer. Due to mismatches between the amplitudes and phases of I-and Qbranches, an undesired signal, which is the mirror image of the original signal, is added. Thus, the output signal of the IQ mixer may be written as
where (.) * indicates complex conjugate, , and , are the transmitter IQ mixer responses for the direct and image signals, respectively, and ( ) is random phase noise of the local oscillator of the transmitter side. After passing the transmitter signal through wireless channel and applying ALC, the received signal could be formulated as
where * denotes the convolution, ( ) is desired signal, ℎ ( ) is multipath desired channel from the intended transmitter to the local receiver, ℎ ( ) = ℎ ( ) − ℎ ( ) is residual SI channel where ℎ ( ) is estimate of the the multipath coupling channel and ℎ ( ) is the multipath coupling channel between the local transmitter and the receiver, and ( ) is a Gaussian noise. Then, the signal goes through the receiver IQ mixer which the output is written as ( ) is random phase noise of the local oscillator of the receiver side and Δ indicates the difference between carrier frequency of the receiver and transmitter local oscillators. Image rejection ratio (IRR) is considered for quantifying the quality of the IQ mixer which is (2), (3) and (4), the discrete sample of the signal could be expressed as
where equivalent channel responses for individual signal components can be written as
where is normalized CFO. At the digital domain before deploying DLC, samples are sent to GFDM demodulator where the estimated symbol at ′ -th subcarrier and ′ -th timeslot iŝ
where
is circularly shifted version of receiver filter impulse response [ ]. Finally, to further decrease the residual SI signal, by utilizing the replica of transmitted symbols and estimation of the equivalent residual SI channels, digital cancellation symbols are generated and subtracted from the demodulated symbols which is named by classical DLC. Furthermore, [10] shows that after the classical DLC, the image of the SI signal is the dominant source of distortion. Thus, complementary DLC (C-DLC) is proposed in which the cancellation of the image of SI signal is done similar to classical DLC by deploying the conjugate of the transmitted symbols. The output of C-DLC could be expressed aŝ
, ′ , ′ are corresponding terms for SI signal, intended signal and the equivalent noise after GFDM demodulator that are derived from (1) and (5) 
III. SIGNAL POWER ANALYSIS
In this section, we calculate the power of the residual SI signal and the desired signal in closed-form. The channels, transmitted data and phase noise are assumed as independent random processes. Furthermore, perfect channel estimation and two independent oscillators for the local transmitter and the receiver are considered in this paper. 
A. SI signal power analysis
, is derived as
.
(10) On the other hand, the power of the linear residual SI after C-DLC can be defined as
which is given by
(11) Note that (10) and (11) depend on multipath profile, 3-dB phase noise bandwidth, normalized CFO, IQ imbalance coefficients, number of subcarriers and time-slots and GFDM receiver and transmitter filters. Thus, all these parameters affect the efficiency of analog and digital SI cancellations. Similarly, the power of the conjugate residual SI after ALC and after C-DLC could be formulated as
and
(18) Thus, the total power of the interference signal is given by
IV. SIR FORMULATION AND FILTER OPTIMIZATION
Herein, the SIR of the FD GFDM transceiver is derived and a receiver filter for maximizing the SIR is proposed. According to (14) , (16) and (19), SIR of the estimated symbol in ′ -th subcarrier and ′ -th subsymbol may be expressed as
Since GFDM use non-orthogonal subcarriers, it performs worse than OFDM in the presence of RF impairments. Thus, FD GFDM should achieve lower SIR than FD OFDM. However, GFDM contains degrees of freedom in receive filter design that can help us to improve the performance. To retain the benefits of GFDM such as lower out-of-band emissions, conventional filter is assumed for the transmitter side. On the other hand, the receiver filter is optimized to maximize the SIR. Let us denote
in (7) where Now, in order to find 0,0 that maximizes SIR, we rewrite SIR in matrix form as
. Therefore, the filter optimization problem for maximizing the SIR could be formulated as
where ∈ ℂ ×1 and || || indicates norm of . Optimal receiver filter is derived by the solution that is given by [18] as
Thus, we propose a receiver filter that maximizes the SIR of the FD GFDM under the RF impairments after ALC and C-DLC.
V. SIMULATION RESULTS
In this section, the analytical derivations of residual SI signal power, intended signal power and SIR are verified with simulation results. Moreover, FD GFDM and FD OFDM are compared the presence of phase noise, CFO and IQ imbalance. Finally, we optimla receiver filter with conventional matched filter (MF) and zero forcing (ZF) receivers. The cyclic prefix for both OFDM and GFDM is equal to the length of the channel, and the number of subcarriers is 32. Additionally, GFDM uses =5 time slots and root raised-cosine filter with the roll-off factor 0.1 and digital modulation 16-QAM (quadrature amplitude modulation). Sampling frequency is equal to 15.36 MHz [9] . Multipath Rayleigh fading channel with total of = 5 taps is utilized for generating wireless channels. The power delay profile of SI channel is -30 dB, -65 dB, -70 dB and -75 dB for delays of 0, 1, 2 and 4 samples [9] . Furthermore, power delay profile of desired channel is In Fig. 2 , the residual SI power is plotted versus the 3-dB phase noise bandwidth, normalized CFO and IRR when ZF receiver is utilized for GFDM. For illustrating the impact of the conjugate residual SI cancellation, we consider both classical DLC (legend DLC) and C-DLC. As can be seen, the simulation results fully match the derived residual SI power. Moreover, C-DLC lowers SI power compared to DLC. Thus, cancelling the conjugate residual SI improves the performance significantly. In Fig. 2a , = 0.1 and IRR = 2.5 dB, residual SI is plotted as a function of . With increasing 3-dB phase noise bandwidth, post-DLC and post-C-DLC, average residual SI increases and saturates at a constant value that is lower than post-ALC residual SI. Furthermore, in Fig. 2b , = 10 Hz and IRR = 2.5 dB and is changed. By increasing , average residual SI power after DLC boosts and approaches to average residual SI power after ALC. According to (10)-(13), 3-dB phase noise bandwidth, , and normalized CFO, , appear in the exponential terms, and the trends in Fig. 2a and Fig. 2b for higher values of and can be due to their appearance in the exponential function. The residual SI increases with IRR (Fig. 2c) . In this figure, = 10 Hz and = 0.1 are fixed parameters and IRR is the independent variable. Finally, FD OFDM outperforms FD GFDM because of non-orthogonality of GFDM that generates more interference terms. illustrates SIR versus when = 0.2 and IRR = −37.5 dB. Obviously, by increasing , SIR decreases in all cases. We can see that the SIR achieved by the optimized filter exceeds that of the others, e.g. in = 10 Hz, SIR of the proposed filter is 25 dB higher than FD OFDM. Fig. 3b plots SIR as a function of when = 50 Hz and IRR = −37.5 dB. In FD GFDM with conventional filters and OFDM, higher value of CFO, , lowers SIR, which is not surprising because frequency offset results in interference in general. Furthermore, the optimum filter with GFDM outperforms the other options, e.g. for = 0.2, it achieves 20 dB higher SIR than FD OFDM. Fig. 3c represents the SIR versus IRR when = 50 Hz and = 0.2. In all cases, higher values of the IRR provides lower SIR. Furthermore, FD GFDM with the proposed filter is always better than FD OFDM, e.g. in IRR = −30 dB, the gap is 17 dB, indicating a significant improvement.
VI. CONCLUSION
In this paper, we investigated an FD GFDM transceiver in the presence of three RF impairments, namely phase noise, CFO and IQ imbalance. We considered both analog and digital SI cancellations and developed a complementary digital SI suppression method. Closed-form expressions for residual SI power and desired signal power were derived. The receiver filter for maximizing the SIR were proposed. Simulation results verified the analytical derivations. We observed that RF impairments degrade the SI cancellation methods. Moreover, the SIR results for FD GFDM with MF, ZF and proposed filter and FD OFDM show that proposed filter outperforms the other options. For instance, FD GFDM with the designed receiver filter achieves 25 dB higher SIR than FD OFDM when = 10 Hz, = 0.2 and IRR = −37.5 dB.
